Comparatively little is known about the exact mechanisms and interactions that occur during peptidoglycan (PG) biosynthesis and cell division of ovococcus bacteria, such as Streptococcus pneumoniae (pneumococcus) and other Streptococcus species (reviewed recently in reference 71). These ovoid, football-shaped bacteria divide along successive parallel planes perpendicular to the long axis of the cell. This mode of division contrasts with that of spherical coccus species such as Staphylococcus aureus, which divides in alternating perpendicular planes. Another major difference between these two bacterial types is that ovococcus species have two modes of PG biosynthesis (peripheral and septal), whereas spherical species have only septal PG biosynthesis (30, 38, 50, 51, 71) . All models of PG biosynthesis require murein hydrolases, such as amidases or endopeptidases, to participate in PG remodeling and cell separation during division (15, 48, 66, 67, 71) .
One candidate murein hydrolase is the PcsB protein, which has been characterized to various degrees in S. pneumoniae (29, 42, 45, 46) , Streptococcus mutans (where it is called GbpB) (11, 12, 40, 41) , and Streptococcus agalactiae (55, 56) . PcsB orthologs contain four domains: a signal peptide (SP) that directs export, a predicted extended coiled-coil domain that contains leucine zipper motifs, an alanine-rich linker region that is variable in different Streptococcus species, and a CHAP (Cys, His-dependent amidohydrolase/peptidase) domain, which contains a conserved Cys292, His343, and Asn366 catalytic triad (1, 3, 35) . CHAP domain proteins, such as Sle1 from Staphylococcus aureus and some bacteriophage hydrolases, function as N-acetylmuramyl-L-alanine amidases (i.e., they cleave the amide bond between N-acetyl-muramic acid in the glycan chain and L-Ala in stem peptides [16, 32, 54, 67] ). The Sle1 amidase is not a homolog of PcsB, because its N-terminal domain contains a LysM PG binding motif instead of a coiledcoil domain (32) . In addition, purified Sle1 amidase shows robust hydrolase activity in different assay formats at physiological pH (Ϸ7.0) (32) , whereas purified pneumococcal PcsB and its orthologs have failed to show murein hydrolase activity so far (see Discussion) (29, 41, 55, 56, 67) .
Moderate underexpression of pneumococcal PcsB in unencapsulated laboratory strain R6 caused formation of mediumlength chains containing slightly distorted, compressed cells (see Results) (45) , and depletion of PcsB in unencapsulated and encapsulated isolates of different pneumococcal serotypes caused severe morphological and growth defects (29, 45) . Similar to its GbpB orthologs in S. mutans and S. agalactiae (11, 40, 56) , a considerable amount of pneumococcal PcsB is secreted into the growth medium (see Results) (29, 42, 45) , and genomic fingerprinting of human antibodies collected from patients exposed to S. pneumoniae identified PcsB as a leading candidate for the development of a protein-based vaccine (29) . Transcription of the pcsB gene is positively regulated by the essential VicRK two-component regulatory system, which has orthologs (called YycFG or WalRK) in all low-GC gram-positive species (18, 46, 47, 68) . In fact, the apparent essentiality of the VicR response regulator is due to its positive regulation of pcsB in S. pneumoniae (46) . In Bacillus subtilis and S. aureus, the YycFG (WalRK) regulons contain several known murein hydrolases (8, 17, 31) , and it has been proposed that the YycFG (WalRK) and VicRK two-component systems function to maintain cell wall and cell surface homeostasis (18, 68) .
Certain results reported for pneumococcal PcsB and its orthologs seem contradictory. Some reports claim that PcsB orthologs are essential (41, 45, 62) , whereas others have found PcsB nonessential (11, 29, 55) . A recent paper suggested that cell-associated pneumococcal PcsB is largely unprocessed and still contains its signal peptide (42) , whereas two forms were not reported previously for PcsB from other species (40, 56) . PcsB orthologs have been reported to localize to the cell wall (41) as well as to the cell membrane (42) . Cochromatography, coimmunoprecipitation, and two-hybrid approaches have suggested that PcsB orthologs have the potential to interact with various proteins, including EF-Ts, ribosomal protein L7/L12, and DivIVA (21, 41) , which are predominantly cytoplasmic.
In this study, we report the characterization of sets of isogenic mutants constructed in pneumococcus laboratory strain R6 and virulent serotype 2 strain D39 expressing different amounts of PcsB. We used these strains to provide new information about some of the properties mentioned above for which there are contradictory results. We demonstrate that the cell division and shape phenotypes of pcsB mutants are due to underexpression of PcsB and not perturbation of the expression of the upstream mreCD genes, which are dispensable in strains R6 and D39. In addition, we report unexpected links between cell shape and chain formation phenotypes and the presence of capsule. However, we did not detect a correlation between decreased PcsB or absence of MreCD and the composition of peptides in PG or sensitivity to penicillin. These results are discussed in terms of possible functions of PcsB in PG biosynthesis and signaling.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains used in this study are listed in Table 1 . Bacteria were grown on plates containing trypticase soy agar II (modified; Becton-Dickinson) and 5% (vol/vol) defibrinated sheep blood (TSAII BA) and incubated at 37°C in an atmosphere of 5% CO 2 . Strains were also cultured statically in Becton-Dickinson brain heart infusion (BHI) broth (or in one case, chemically defined medium [CDM] [47] ) at 37°C in an atmosphere of 5% CO 2 , and growth was monitored by optical density at 620 nm (OD 620 ) using a Spectronic 20 spectrophotometer fitted for measurement of capped tubes (outer diameter, 16 mm). Bacteria were inoculated into BHI broth from frozen cultures or colonies, serially diluted into the same medium, and propagated overnight. Overnight cultures that were still in exponential phase (OD 620 , 0.2 to 0.6) were diluted back to an OD 620 of Ϸ0.005 to start final cultures, which did not contain antibiotics, except for strains containing plasmids, for which erythromycin was added to 0.3 g per ml. For depletion of PcsB, cultures were first grown to exponential phase in BHI broth containing L-fucose (0.2% to 1.2% [wt/vol] as indicated). Cells were then collected by centrifugation for 10 min (3,200 ϫ g; 25°C), washed twice with BHI broth lacking L-fucose, resuspended in the starting volume of BHI broth, and incubated for 5 h at 37°C.
Construction and verification of S. pneumoniae mutants.
Strains containing antibiotic markers were constructed by transforming linear DNA amplicons synthesized by overlapping fusion PCR into competent pneumococcal cells as described previously (46, 57) . Primers synthesized for this study are listed in Table S1 of the supplemental material. Transformations were carried out as described before (46, 57) , except that incubations containing synthetic competence stimulatory peptide 1 (CSP-1) were shortened from 13 min to 10 min. TSAII BA plates were supplemented as appropriate with the following final concentrations of antibiotics: 250 g kanamycin per ml, 100 g spectinomycin per ml, 150 g streptomycin per ml, or 0.3 g erythromycin per ml. All constructs were confirmed by DNA sequencing of genomic DNA, which was prepared from cell lysates (5 l of culture plus 30 l of 1ϫ PCR buffer; heated for 10 min at 95°C) and amplified using Pfu Turbo polymerase (Stratagene) or rTth polymerase (Applied Biosystems). Amplicons were purified using a PCR cleanup kit (Qiagen) and sequenced in reaction mixtures containing 1 l of Big Dye Terminator reagent (Applied Biosystems) as described previously (33) . Sequences were aligned and analyzed using Vector NTI software (Invitrogen).
Construction of plasmid expressing PcsB. pLS1RGFP (65) was propagated in Lactococcus lactis NZ9000 in order to preserve the XhoI restriction sites. For cloning and expression, the pcsB ϩ gene was amplified by PCR from S. pneumoniae R6 genomic DNA using forward primer SC133 and reverse primer SC134 (see Table S1 in the supplemental material), both having XhoI cut sites in their 5Ј ends. The amplicon was digested with XhoI, ligated to XhoI-digested pLS1RGFP DNA, and transformed into S. pneumoniae strain R6 (EL59) ( Table  1 ). The resulting pLSR1GFP::P mal -pcsB ϩ plasmid was purified using a miniprep procedure (Qiagen), modified by the addition of 1 mg lysozyme per ml and 50 mM sterile glucose to suspended cell pellets. Restriction analysis and DNA sequencing were used to verify the insert in plasmid pLSR1GFP::P mal -pcsB ϩ , which expressed PcsB under the control of a maltose-inducible promoter.
Purification of PcsB-(C)-His 6 and production of purified antibody. PcsB-(C)-His 6 lacking the 27-amino-acid signal peptide was overexpressed in E. coli BL21(DE3) cells (Invitrogen) from plasmid pET22b::pcsBЈ, which was constructed by conventional methods using the primers listed in Table S1 of the supplemental material containing added NdeI and XhoI restriction sites. A 3-liter culture was grown in LB broth containing 100 g ampicillin per ml at 30°C to an OD 620 of Ϸ0.4 and induced by the addition of 1 mM 5-bromo-4-chloro-3-indolyl-␤-D-thiogalactopyranoside (IPTG) for 3 h. Cells were collected by centrifugation for 20 min (4,400 ϫ g; 4°C), resuspended in 20 mM NaPO 4 , pH 7.0, 0.5 M NaCl, 10 mM imidazole, 1 mM ␤-mercaptoethanol (buffer A), and disrupted by passage through a French pressure cell twice. Cell debris was removed by centrifugation for 20 min (23,300 ϫ g; 4°C), and the supernatant was filtered through an Acrodisc 0.22-m Supor filter (Pall Scientific) before loading onto a Hi-Trap chelating column (Amersham) charged with Ni ϩ2 according to the manufacturer's instructions. PcsB-(C)-His 6 was eluted by a 10 to 300 mM imidazole gradient in buffer A that was monitored by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). Fractions containing PcsB-(C)-His 6 were pooled and concentrated fourfold during buffer exchange to 100 mM NaPO 4 , pH 7.4, 2 mM dithiothreitol using a 15 ml Centricon filter (10-kDa cutoff; Amicon). The buffer was exchanged again to 20 mM Tris-HCl, pH 8.0, and the sample was loaded onto a MonoQ column (10 mm by 100 mm; Amersham). PcsB-(C)-His 6 was eluted with a gradient of 0 to 1.0 M NaCl in 20 mM Tris-HCl, pH 8.0, and assayed by SDS-PAGE. Pooled factions were concentrated during buffer exchange to a final volume of 2.0 ml in phosphate-buffered saline (PBS; 137 mM NaCl, 10 mM NaPO 4 , 2.7 mM KCl, pH 7.4), which contained 7.4 mg of PcsB-(C)-His 6 as determined by the nanodrop A 280 or the DC protein assay (Bio-Rad) with bovine serum albumin (BSA) as the standard at Ͼ99% purity based on Coomassie-stained SDS-PAGE.
Polyclonal antibody was prepared against purified PcsB-(C)-His 6 in rabbits (Cocalico Biologicals). Anti-PcsB serum was purified using a nitrocellulose binding affinity method (52) . Briefly, 300 g of purified PcsB-(C)-His 6 was resolved by SDS-PAGE (see below) and transferred electrophoretically at 350 mA for 1 h to a nitrocellulose membrane (0.45 um; Osmonics, Inc.) in Towbin buffer (25 mM Trizma base, 192 mM glycine, 20% [vol/vol] methanol). The membrane was stained with 0.1% (wt/vol) Ponceau-S dye in 5% (vol/vol) acetic acid for 10 s and rinsed repeatedly with Tris-buffered saline with Tween 20 (TBS-T; 25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM KCl, 0.1% [vol/vol] Tween 20) until the PcsB-(C)-His 6 protein band could be visualized. The nitrocellulose portion containing the purified protein was excised and blocked in 5% enhanced chemiluminescence (ECL) blocking reagent (Amersham) for 15 min at room temperature, incubated with 1 ml of anti-PcsB serum (saturated with 12 mg of BSA [Sigma] ) for 4 h at room temperature, and eluted with 1 ml of Gentle Ag/Ab elution buffer (Pierce) for 15 min at room temperature. The eluate containing purified anti-PcsB antibody was dialyzed overnight at 4°C into TBS (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM KCl), and glycerol and BSA were added to final concentrations of 20% (vol/vol) and 5% (wt/vol), respectively. Purified antibody was dispensed into 100-l volumes and stored at Ϫ20°C.
Purification of His 6 -(N)-MreC and production of antibody. His 6 -(N)-MreC lacking the 32-amino-acid transmembrane domain from its amino terminus was overexpressed in E. coli BL21(DE3) cells (Invitrogen) from plasmid pET15b::mreCЈ, which was constructed by conventional methods using the primers listed in Table S1 of the supplemental material that contained added NdeI and XhoI restriction sites. A 200-ml culture was grown in LB broth containing 100 g ampicillin per ml at 30°C to an OD 620 of Ϸ0.4 and induced by the addition of 1 mM IPTG for 3 h. Cells were collected and disrupted as described above. All of the His 6 -(N)-MreC was recovered as inclusion bodies in the pellet, which were solubilized in 50 mM NaPO 4 , pH 7.0, 6 M guanidine-HCl, 300 mM NaCl. Further purification was performed with a Talon metal affinity resin (33) .
(Clontech Laboratories) using the manufacturer's instructions for purification of insoluble polyhistidine-tagged proteins. The protein was eluted from the Talon resin with 45 mM NaPO 4 , pH 7.0, 270 mM NaCl, 150 imidazole, 5.4 M guanidine-HCl in a 2-ml gravity column. The eluate (1 ml) was dialyzed overnight at 25°C in 50 mM NaPO 4 , pH 7.0, 300 mM NaCl, 8 M urea (storage buffer) and run on an SDS-PAGE gel. Purity was estimated at Ͼ99% by Coomassie staining, and protein recovery was 1.3 mg, as determined by the RC/DC protein assay (BioRad). Rabbit polyclonal antibody against purified His 6 -(N)-MreC protein was prepared by Cocalico Biologicals. The anti-MreC antibody preparation was not purified further, because it bound to only one band at 29.7 kDa corresponding to MreC in Western blot assays of pneumococcal cellular extracts and did not react with extracts prepared from an R6 ⌬mreCD mutant (data not shown).
Preparation of secreted and cell-associated proteins. Cultures were grown exponentially as described above to an OD 620 of Ϸ0.2, and 1-ml samples were microcentrifuged (21,000 ϫ g; 10 min; 25°C). Pellets of cells (Ϸ90% yield) were lysed directly by resuspension in 100 l of lysis buffer (1% ([vol/vol] SDS, 0.1% [vol/vol] Triton X-100). Protein concentrations were determined by the DC protein assay with BSA as the standard (Bio-Rad). An 80-l aliquot of lysed pellet was mixed with 80 l of 2ϫ SDS-PAGE sample buffer (58) containing freshly added 5% (vol/vol) 2-mecaptoethanol, and cell-associated proteins were analyzed by SDS-PAGE (see below). Supernatants were filtered through an Acrodisc 0.22-m Supor membrane filter (Pall Sciences), and proteins in the supernatants, including those from the medium, were precipitated by the addition of 100% (wt/vol) trichloroacetic acid to a final concentration of 20% (wt/vol) on ice. After 15 min, precipitated proteins were collected by microcentrifugation (21,000 ϫ g; 5 min; 4°C), washed once with 800 l of ice-cold 100% ethanol, and allowed to air dry at room temperature. Trichloroacetic acid-precipitated secreted proteins were resuspended in 80 l of 2ϫ SDS sample buffer containing freshly added 5% (vol/vol) 2-mercaptoethanol and subjected to SDS-PAGE.
SDS-PAGE and immunoblot analyses. All SDS samples were boiled for 5 min before loading onto 4% stacking, 10% separating SDS-PAGE gels containing Tris-glycine buffer (58) . Usually 15 g of cell-associated protein from pellet extracts was loaded per lane, and a corresponding volume of secreted protein sample was loaded into a separate lane on the same gel. After electrophoresis, proteins were electrophoretically transferred to nitrocellulose membranes in Towbin buffer (above). Immunodetection was carried out by blocking membranes with 5% ECL reagent (Amersham) in PBS-T (0.1% [vol/vol] Tween 20 in 1ϫ PBS, pH 7.4) for 20 min at 25°C according to the manufacturer's instructions. Affinity-purified anti-PcsB antibody (1:500), anti-FLAG antibody (anti-M2 polyclonal; 1:1,000; Sigma), or unpurified anti-MreC serum (1:1,000) was diluted by the factors in the PBS-T, and membranes were incubated for 1 h at 25°C with gentle shaking. Horseradish peroxidase-conjugated anti-rabbit secondary antibody (Amersham) was diluted 1:10,000 in PBS-T, and incubation was continued 1 h at 25°C with shaking. ECL detection reagents (Amersham) in a 1:1 ratio were added to the membrane directly prior to autoradiography or quantitation. Autoradiography was done using 1-or 5-min exposures on Biomax XAR scientific imaging film (Kodak). Blots were directly quantitated using an IVIS Xenogen VivoVision Lumina system and software (1-to 3-min exposure, F-stop 2, stage setting B, high-resolution/small binning). Absolute and relative amounts of cellassociated and secreted PcsB were normalized back to equivalent amounts in 1 ml of culture (Ϸ1 ϫ 10 8 to 2 ϫ 10 8 CFU). Microscopy. Samples of 100 l of cultures growing exponentially in BHI broth were taken at an OD 620 of Ϸ0.2 to 0.3 and stained without fixation by adding 4Ј,6-diamidino-2-phenylindole (DAPI) and a 1:1 mixture of vancomycin and Bodipy-FL-conjugated vancomycin (FL-Van; Molecular Probes) to final concentrations of 0.2 g per ml and 2.0 g per ml, respectively, for 10 min in the dark at room temperature (41) . A 0.7-l aliquot of stained bacteria was placed on a clean glass slide to which a coverslip was added. Cells were examined using a Nikon E-400 epifluorescence phase-contrast microscope equipped with a mercury lamp, a 100ϫ Nikon Plan Apo oil-immersion objective (numerical aperture, 1.40), and filter blocks for fluorescence (DAPI, EX 330 to 380, DM 400, and BA 435 to 485; FL-Van, EX 460 to 500, DM 505, and BA 510 to 560). Images were captured using a cooled digital SPOT RT monochrome camera and processed with SPOT Advanced software. Length-to-width aspect ratios (ARs) were determined from phase-contrast micrographs by using Nikon NIS-Elements AR software. A total of 25 to 50 individual cells from three separate cultures were measured for each strain. Cells with sufficiently demarcated boundaries to allow measurements were chosen as randomly as possible. Two-tailed t tests were performed on average ARs by using GraphPad Prism software.
Preparation of lactoyl-peptides. Methods reported in reference 2 were modified as follows. Exponentially growing 200-ml cultures (OD 620 , Ϸ0.2 to 0.3) were harvested by centrifugation (14,300 ϫ g; 20 min; 4°C). Pellets were resuspended in 15 ml of PBS and added to 10 ml of boiling 10% SDS in an Oakridge tube. The mixture was then boiled for 30 min more. SDS-insoluble material containing PG was collected by centrifugation (30,000 ϫ g; 20 min; 20°C). Pellets were washed by resuspension three times with 25 ml H 2 O followed by centrifugation (30,000 ϫ g; 15 min; 20°C). Pellets were resuspended in 3 ml of H 2 O and transferred to two 1.5-ml microcentrifuge tubes, and insoluble material was collected by microcentrifugation (21,000 ϫ g; 5 min; 25°C). Pellets were combined in 1 ml of 50 mM NaPO 4 (pH 7.4) and 200 g trypsin (Sigma) per ml. Following overnight (Ϸ16 h) incubation at 37°C with shaking (400 rpm), pellets were collected by microcentrifugation (21,000 ϫ g; 5 min; 25°C). Pellets were washed with complete suspension followed by centrifugation in the following series of buffers: three times in 1 ml of 1% (vol/vol) SDS, once in 1 ml of 8 M LiCl (with 15-min incubation at 37°C and shaking at 400 rpm), once in 1 ml of 0.1 M EDTA (with 15-min incubation at 37°C and shaking at 400 rpm), and three times in 1 ml of H 2 O. Pellets were resuspended in a final volume of 400 l containing 25 mM NaPO 4 , pH 6.0, 0.5 mM MgCl 2 , 40 g mutanolysin (Sigma) per ml, and 200 g lysozyme (Sigma) per ml and incubated at 37°C overnight (Ϸ16 h) with shaking at 400 rpm. Mixtures were heated at 95°C for 3 min and insoluble material removed by ultracentrifugation (104,000 ϫ g; 30 min; 25°C). Supernatants were divided in half (200 l each), and 64 l of ammonium hydroxide (stock of 29%) was added to each 200-l sample, which was incubated at 37°C for exactly 5 h. Each sample was neutralized by the addition of 61 l of concentrated glacial acetic acid. The resulting lactoyl-peptide samples were briefly frozen on dry ice, lyophilized overnight (Ϸ16 h), and then stored at Ϫ20°C. Samples were dissolved in 200 l of 0.05% (vol/vol) trifluoroacetic acid (TFA; stock at 100%). Insoluble material was removed by microcentrifugation (21,000 ϫ g; 15 min; 25°C). Supernatants were transferred to new microcentrifuge tubes and entire 200-l samples were subjected to reverse-phase high-performance liquid chromatography (RP-HPLC).
RP-HPLC analysis of lactoyl-peptides and method validation. Lactoyl-peptides were resolved by RP-HPLC using a C 18 column (Vydac 218 TP54; 4.6 by 250 mm) at a flow rate of 0.5 ml per min at 30°C attached to a Shimadzu 10A HPLC system. The mobile phases were solvent A (0.05% [vol/vol] TFA in water) and solvent B (0.035% [vol/vol] TFA in acetonitrile). Lactoyl-peptides were eluted with the following gradient: 100% solvent A from 0 to 10 min; 0 to 20% solvent B from 10 to 100 min; and 20% solvent B from 100 to 120 min. Eluted lactoyl-peptides were detected by UV absorption at 210 nm. Fractions were collected and subjected to mass spectrometry (MS) analysis as described below. Integration of areas of individual peaks was performed using Class-VP software (Shimadzu). Baselines were set "valley to valley" because of reproducible baseline changes during the course of the runs (see the supplemental material).
This method to analyze PG peptide composition was previously validated and used for several gram-positive bacteria, including Enterococcus and Lactobacillus species (2, 6, 7). We validated this method for pneumococcus in the following ways. (i) Total yields of lactoyl-peptides from strains grown to similar densities (OD 620 , Ϸ0.2 to 0.3) were compared by summing all areas from chromatograms. The yields of lactoyl-peptides in arbitrary mvolt area units, and by inference PG content, were similar for the unencapsulated strains R6 (4.0 ϫ 10 7 Ϯ 0.6 ϫ 10 7 ) and D39 ⌬cps (4.5 ϫ 10 7 Ϯ 1.1 ϫ 10 7 ) and encapsulated strain D39 (3.4 ϫ 10 7 Ϯ 0.7 ϫ 10 7 ) (data not shown). We noted that PG preparations from encapsulated strains formed less-compact pellets, which could be partially lost during the multiple rounds of centrifugation in the purification procedure, compared to those of unencapsulated strains. PG preparations from strain D39 in which material was obviously lost were not included in the above calculation of yield, and the relative amounts of lactoyl-peptides within chromatograms were independent of the amount of PG recovered for analysis (data not shown). (ii) We did not obtain statistically different total yields of lactoyl-peptides (or PG) from unencapsulated or encapsulated strains underexpressing PcsB compared to their pcsB ϩ parent strains (data not shown). (iii) The release of lactoyl-peptides from purified PG was quantitative for unencapsulated and encapsulated strains. To determine the efficiency of release from purified PG, we added 5 Ci of [method for the R6 and D39 strains as those determined previously by a different method that used amidase digestion to release pneumococcal cell wall stem peptides (see Table S2 in the supplemental material) (25, 60, 61) .
MS analysis of lactoyl-peptides. Fractions from RP-HPLC were infused directly through a custom-built nanospray source into an LCQ Deca XP ion trap mass spectrometer (ThermoElectron, Waltham, MA) at 500 nl per min. Mass spectra from 250 to 2,000 Da were averaged for 1 min for each sample. Lactoylpeptide ions were further analyzed by tandem MS over the mass range from about one-quarter of the precursor m/z to two times the precursor m/z or 2,000 Da, again with signal averaging for 1 min. Structural assignments for the tandem mass spectra are reported in the supplemental material and were made by adding a lactoyl group to the chemical structures of stem peptides previously reported for pneumococcus (26, 61, 63) .
Penicillin sensitivity assays. Ten-ml cultures growing exponentially to an OD 620 of Ϸ0.1 to 0.2 in BHI broth were split into two 16-mm-diameter tubes, to which penicillin G (Sigma) was added to a final concentration of 0.01 or 0.1 g per ml (Ϸ10ϫ the MIC). Density was monitored at OD 620 every 30 min for 3 to 5 h, and data were plotted using GraphPad Prism software.
RNA extraction and QPCR analyses. Total pneumococcal RNA was prepared by a rapid lysis procedure and analyzed by quantitative PCR (QPCR) as described before (53) . Two sets of PCR primers covering the central (PCR1) or 3Ј region (PCR2) of the pcsB transcript (see Table S1 in the supplemental material) were used for RNA quantitation. Both sets of primers showed standard curves with R 2 values of Ͼ0.985 and 90 to 110% reaction efficiencies and only one peak in dissociation curves. pcsB ϩ transcript amounts were normalized to 16S rRNA amounts as described previously using primers in Table S1 of the supplemental material (53) .
Microarray analyses. Microarray analyses were performed comparing relative transcript amounts of strains IU1533 with those of IU1979 (Table 1) grown exponentially in BHI broth (see Fig. S2 in the supplemental material). Total RNA was prepared at an OD 620 of 0.2 as described above. S. pneumoniae microarrays were purchased from Ocimum Biosolutions. Synthesis, labeling, hybridization, scanning, normalization, and analysis using the Cyber-T web interface were performed as described previously (53) .
Microarray data accession number. Intensity and expression ratio data for all transcripts have been deposited in the GEO database, accession number GSE13107.
RESULTS
PcsB is essential in serotype 2 S. pneumoniae. We reported previously that we were unable to knock out the pcsB ϩ gene in laboratory strain R6 (45) , which is an unencapsulated mutant originally isolated from a derivative of virulent serotype 2 strain D39 (33) . However, a recent report claims that pcsB can be knocked out in serotype 4 (TIGR4) and 6B (PJ-1259) clinical isolates, although the growth of the ⌬pcsB mutants appeared to be severely impaired (29) . Consequently, we reprised experiments to test the essentiality of pcsB ϩ in serotype 2 strains. We attempted to perform pcsB knockout experiments in the parent R6 and D39 strains and in mutants containing ectopic copies of pcsB ϩ inserted into bgaA (Fig. 1B) , which encodes an extracellular ␤-galactosidase that degrades human glycoproteins (9) . In these ectopic constructs, pcsB transcription was driven by a synthetic constitutive promoter (P c ) (37) or by a fucose-inducible promoter (P fcsK ) (10). The knockout mutations tested were a ⌬pcsBϽϾP c -ermAM or a ⌬pcsBϽϾermAM deletion/replacement in which the entire pcsB ϩ reading frame was replaced by a P c -ermAM cassette (from strain IU1547) (Table 1) (45) or by the ermAM reading frame alone (from strain IU1979) (Table  1) , respectively (Fig. 1A) .
In numerous independent transformations, we were unable to cross amplicons containing the ⌬pcsBϽϾP c -ermAM or ⌬pcsBϽϾermAM knockout mutation into the native pcsB locus of R6 or D39 when transformation plates were incubated for 3 days at 37°C in an atmosphere of 5% CO 2 . In contrast, the ⌬pcsBϽϾP c -ermAM or ⌬pcsBϽϾermAM mutation readily crossed into R6 or D39 strains expressing PcsB from the ectopic ⌬bgaAЈ::P c -pcsB ϩ site, and transformants appeared overnight (Fig. 1B and data not shown) . Consistent with these results, ⌬pcsBϽϾermAM ⌬bgaAЈ::P fcsK -pcsB ϩ mutants in R6 (IU2801) and D39 (IU2539) ( Table 1) were constructed by transformations on TSAII BA plates containing 0.2% (wt/vol) fucose. IU2801 and IU2539 grew like their parent strains in BHI broth containing 0.8% to 1.2% (wt/vol) fucose but abruptly ceased growth following resuspension in BHI broth lacking fucose (data not shown). Likewise, R6 and D39 mutants IU1545 and IU2091 (Table 1) , in which the intercistronic region between pcsB and upstream mreD was replaced by a kan marker, transcription terminators, and a P fcsK promoter driving pcsB ϩ (Fig. 1C) , grew normally in BHI broth containing fucose but ceased growing when fucose was removed. (data not shown) (45) . Removal of fucose led to severe depletion of PcsB in these mutants and formation of greatly distorted cells (see below) (45) . PcsB-depleted cultures did not resume growth during overnight incubation and usually did not lyse (data not shown). Together, these results support the conclusion that pcsB is essential in serotype 2 strains of S. pneumoniae.
PcsB exists as a single processed species. To correlate PcsB expression with phenotypes, we determined the relative amounts of PcsB in parent strains and the mutants shown in Fig. 1 by quantitative Western blotting (see Materials and Methods). As reported previously for PcsB orthologs from S. mutans and S. agalactiae (11, 40, 56) , a significant amount of PcsB was secreted directly into the medium during exponential growth of these serotype 2-derived strains in BHI broth (fraction secreted, 77 Ϯ 5% for D39 [ Fig. 2A] ; 62 Ϯ 4% for D39 ⌬cps [IU1945]; 47 Ϯ 6% for R6 [data not shown]). In contrast to a previous report (42) , we observed only a single band of the same molecular mass (41.9 kDa) for the secreted and cellassociated PcsB, suggesting that all PcsB is processed during secretion by the Sec system. Similar results were obtained for unencapsulated strains R6 and IU1945 (D39 ⌬cps) (data not shown). We confirmed this conclusion in two ways. We attached a FLAG epitope tag of 8 amino acids to the C terminus of PcsB expressed from the native locus in R6 and D39. These mutants (IU1845 and IU2105 [ Table 1 ]) were constructed by cotransformation with a P c -ermAM cassette in the downstream intercistronic space between pcsB and rpsB (Fig. 1A) (45) . The resulting strains did not display defects in cell morphology (data not shown). Again, we detected only a single band of the same M r for the cell-associated and secreted forms of PcsB-(C)-FLAG, which had a slightly greater M r (42.8) than native PcsB (Fig. 2A) . Last, we constructed a R6 pcsB ϩ ⌬bgaAЈ::P fcsK -pcsB (A27D) merodiploid containing a defective signal peptide cleavage site in PcsB (IU2718 [Table 1] ). This strain grew poorly in CDM containing fucose and produced both processed (PcsB, 41.9 kDa) and unprocessed (SP-PcsB, 45.0 kDa) cell-associated PcsB, in contrast to the R6 parent, which only produced processed PcsB (Fig. 2B) . The SP-PcsB band was not produced in the absence of fucose (data not shown). Thus, unprocessed SP-PcsB was clearly resolved in this PAGE system, further supporting the claim that all PcsB is normally processed in bacteria growing under these conditions.
Relative PcsB and MreC expression levels in pcsB mutants. To interpret results of phenotype tests, we determined the relative amounts of PcsB in this set of mutant constructs. A R6 ⌬pcsBϽϾermAM ⌬bgaAЈ::P c -pcsB ϩ mutant (IU1979 [Table  1 ]) (Fig. 1A and B) produced Ϸ7-fold less PcsB than its R6 pcsB ϩ parent (Table 2) , and the relative expression of PcsB was even less in the corresponding D39 mutant (IU2537 [Table  1 ]) ( Table 2 ). Reverse transcription-PCR of R6 and D39 showed that pcsB is cotranscribed to some extent with the upstream mreCD genes (Fig. 1) , which encode homologs of the MreCD cell shape proteins in rod-shaped bacteria (5, 20, 36; A. D. Land, unpublished result). Therefore, we also tested whether the MreC amount changed in these pcsB mutants. The ⌬pcsBϽϾermAM deletion/replacement mutation in strains IU1979 and IU2801 caused a slight (Ͻ1.5-fold) decrease in the relative amount of MreC compared to their R6 parents (Table  2) . Consistent with this result, no decrease in relative mreCD transcript amount was detected in strain IU1979 in microarray analyses using a cutoff of 1.8-fold (below). There was again a small strain difference between D39 and R6 in that the relative MreC amount dropped Ϸ1.8-fold in the corresponding D39 ⌬pcsBϽϾermAM mutant (Table 1; Table 2 ). Control strain IU2547 (Table 1 ) containing a ⌬bgaAЈ::P c -aad9 deletion/insertion produced MreC amounts comparable to that of the D39 parent ( Table 2) . P c -pcsB ϩ constructs at the native pcsB locus of R6 and D39 (IU1744 and IU1807) ( Table 1 ; Fig. 1C ) produced Ϸ4-fold less PcsB and Ϸ2-fold less MreC than their parent strains ( Table  2) . P c -pcsB ϩ constructs in the native pcsB locus consistently produced more PcsB than those in the ectopic bgaA site (Table  2) , possibly because of transcript instability caused by fusion into the bgaA site (Fig. 1B and unpublished results) . The greater expression of PcsB from the P c -pcsB ϩ constructs in the native pcsB locus than in the bgaA locus was reflected by shorter lags and higher relative growth rates and yields of the corresponding strains (see Fig. S1 and S2 in the supplemental material). IU1744 containing a recombinant plasmid that expressed pcsB under the control of the inducible P mal promoter (IU2564 [Table 1 ]) increased the PcsB amount Ϸ2.6-fold and Ϸ10-fold compared to R6 and the vector control strain (IU2608), respectively ( Table 2 ). The relative MreC amounts in strains IU1744, IU2608, and IU2564, which contained a P c -kan cassette oppositely transcribed into mreCD (Fig. 1B) , were comparably decreased by Ϸ2-fold (Table 2) . The location of the intercistronic P c -ermAM insertion used as a marker in some constructs is indicated 1,180 nucleotides downstream from the pcsB start codon. (B) Structures of the ⌬bgaAЈ:: kant1t2-P c -pcsB ϩ and ⌬bgaAЈ:: kant1t2-P fcsK -pcsB ϩ constructs used for ectopic expression of PcsB in strains IU1979, IU2801, and IU2537. The kant1t2-P c -pcsB ϩ or kant1t2-P fcsK -pcsB ϩ constructs contain the constitutive synthetic P c promoter and ermAM ribosome binding site (37) or the fucose-inducible P fcsK promoter and fcsK ribosome binding site (10) , respectively, and the t1t2 ribosome operon terminators from E. coli to block transcription from upstream of P c and P fcsK (46) . The constructs were inserted between the end of pts-eII and a deletion of the promoter-proximal region of bgaA that extended 6297 nucleotides from the translation start codon of bgaA. (C) Insertion of the kant1t2-P c -pcsB ϩ and kant1t2-P fcsK -pcsB ϩ constructs into the native pcsB locus. The constructs replaced the intercistronic region between mreCD and pcsB, which included the putative terminator and P pcsB internal promoter shown in panel A. No known transcription terminator follows the divergently transcribed kan gene in these constructs. Fig. 1C ) or inserted into bgaA (Fig. 1B) in a ⌬pcsBϽϾermAM mutant of R6 (IU2801) produced about the same amount of PcsB as the parent strains when grown exponentially in BHI broth containing 0.2% to 1.2% (wt/vol) fucose (Table 2) . Five hours after a shift to medium lacking fucose (see Materials and Methods), very little PcsB was detected in IU1545 or IU2091, and quantitation was difficult ( Table 2 ). The amounts of MreC were comparable in strains IU1545 and IU2091 before or after fucose deprivation (Table 2) . Together, these data show that this set of mutants exhibited a range of PcsB expression, and insertion mutations in the native pcsB locus generally caused a slight decrease in MreC amount; however, there was no significant change in MreC amount when PcsB was overexpressed or severely depleted.
Cell-associated PcsB is relatively abundant in S. pneumoniae. We determined the cellular amounts of PcsB in the D39 ⌬cps and R6 strains growing exponentially in static BHI broth at 37°C in an atmosphere of 5% CO 2 (see Materials and Methods). For this quantitation, we loaded 15 g of protein from pellet extracts in each lane of the PAGE gel (Fig. 2C) . For standards, we used PcsB-(C)-His 6 purified from E. coli (see Materials and Methods). To prevent artifacts caused by higher transfer efficiencies of purified proteins (22), we prepared a standard series by spiking known concentrations of purified PcsB-(C)-His 6 into 15 g of crude extract of strain IU2537 (⌬pcsBϽϾermAM ⌬bgaAЈ::P c -pcsB ϩ ) which produced very low amounts of PcsB ( Table 2 ). The amounts of PcsB detected in D39 ⌬cps and R6 extracts and in the standard series were linear with amount, and the amounts of PcsB in the D39 ⌬cps and R6 extracts fell within standard curves (data not shown). We detected 0.15 Ϯ 0.08 g of cell-associated PcsB per 223 Ϯ 20 g of D39 ⌬cps extract (Fig. 2C) , which corresponded to Ϸ2 ϫ 10 8 CFU, with the vast majority of cells diplococci (see below). Since the M r of processed PcsB is 41.9,
FIG. 2. Western immunoblot analyses of cell-associated (pellet) and secreted (supernatant) PcsB. (A)
Demonstration that all cell-associated and secreted PcsB is processed to the same M r . IU1690 (D39 parent) and IU2105 expressed wild-type (41.9 kDa) and C-terminal FLAG-tagged PcsB (42.8 kDa), respectively. The left four lanes or right four lanes were probed with affinity-purified anti-PcsB or commercial anti-FLAG antibody, respectively, as described in Materials and Methods. The autoradiogram is representative of several independent experiments but was not used for quantitation, because the signal was not strictly linear with concentration. Instead, blots were quantitated directly by using an IVIS imaging system (see Materials and Methods). (B) Production of cell-associated unprocessed (SP-PcsB; M r , 45.0) and processed (PcsB; M r , 41.9) PcsB by R6 pcsB ϩ ⌬bgaAЈ::P fcsK -pcsB (A27D) merodiploid strain IU2718 grown in CDM containing 0.8% (wt/vol) fucose. A 28-g aliquot of pellet extract from IU2718 was loaded and Western blots were probed with purified anti-PcsB antibody (see above). A pellet extract from R6 grown in CDM was included as a marker on the same gel. Intervening lanes were removed from the figure. (C) Quantitation of the absolute amount of cell-associated PcsB was performed as described in Materials and Methods using affinity-purified anti-PcsB antibody. A representative autoradiogram is shown of the PcsB produced from 7.5 and 15 g (used in quantitation) of extract prepared from cell pellets (p) of D39 ⌬cps strain IU1945 and the corresponding amount of secreted (s) PcsB recovered from the medium (see Materials and Methods). Purified PcsB was spiked into extracts of strain IU2537, which greatly underexpressed PcsB (Table 2) , at the following amounts in lanes 1 to 6: 0.001 g, 0.005 g. 0.008 g, 0.010 g, 0.050 g, and 0.10 g, respectively. Quantitation was performed directly from blots by using an IVIS imaging system and not from autoradiograms, such as the one shown. See text for additional details. then Ϸ5,400 monomers of PcsB were bound per cell (Table 2) . We detected comparable amounts of cell-associated PcsB in R6 (Ϸ4,400 monomers per cell based on 0.09 Ϯ 0.03 g of cell-associated PcsB per 243 Ϯ 4 g per Ϸ1 ϫ 10 8 CFU), which mainly formed diplococci or short chains of four under these growth conditions (Table 2) . Thus, PcsB is a moderately abundant protein in S. pneumoniae.
Capsule influences cell shape and chain formation in wildtype D39 and during PcsB underexpression. There was a strong correlation between the amount of PcsB expressed (Table 2) and defects in cell morphology ( Fig. 3 and 4) . As we reported previously, the R6 parent strain formed mainly ovoid cells (AR, 1.62) in short chains of two or four cells (Fig. 5, bar  1 ). R6 cells were stained by FL-Van at their equators, septa, or sometimes both (Fig. 3) , indicating likely regions of PG biosynthesis (13, 45, 51) . Moderate underexpression of PcsB in strain IU1744 (P c -pcsB ϩ [native locus]) and IU1979 (⌬pcsBϽϾermAM ⌬bgaAЈ::P c -pcsB ϩ ) ( Table 2 ) resulted in the formation of longer chains of uniformly shaped cells (Fig. 3B and C and 5, bars 2 and 3). These cells were substantially more spherical (AR, 1.09 and 1.15), but with comparable widths to R6 (Fig. 5, bars 1 to 3) , and they stained with FL-Van at nearly every junction between cells compared to R6 (Fig. 3A to C) . Complementation of strain IU1744 with a plasmid that overexpressed PcsB by about 2.6-fold (IU2564; Table 2 ) reversed all shape and chain formation defects (Fig. 3E ) and confirmed that these phenotypes were caused by PcsB underexpression. This conclusion was further supported by the observation that ⌬mreCD mutants could readily be constructed in R6 and D39 and did not show any defects in cell growth or division (data not shown) (see Discussion). These ⌬mreCD mutants totally lacked MreC, as expected, and contained wild-type levels of PcsB (Table 2) . Thus, the small drop in MreC expression observed in strain IU1744 and other pcsB mutants (Table 2) was not the cause of these cell division phenotypes (Fig. 3) .
Unexpectedly, moderate underexpression of PcsB in encapsulated strain D39 caused different shape and chain formation phenotypes than those in the R6 background. Parent strain D39 grown exponentially in BHI broth formed medium-length chains of 11 Ϯ 1 mostly uniform, ovoid cells ( Fig. 4A and 5 , bar 4). PcsB was underexpressed in D39 mutant IU1807 (P c -pcsB ϩ [native locus]) to about the same level as in the R6 IU1744 mutant described above ( Fig. 3B; Table 2 ). This moderate underexpression of PcsB in D39 resulted in three new phenotypes. In contrast to IU1744 compared to R6, IU1807 formed more short chains of cells than IU1690 (Fig. 5, bars 4 and 5) . Most of the IU1807 cells were only slightly less ovoid (AR, 1.47) than IU1690 cells (AR, 1.69), but not nearly as spherical as IU1744 cells (AR, 1.09) (Fig. 5, bars 2, 4 , and 5), where these AR differences are statistically significant (Fig. 5 legend) . Last, about 50% of the IU1807 chains (Ϸ12% of the total cells) contained one or two larger, more spherical, irregular cells ( Fig. 4B and 5, bar 6 ), in contrast to the uniformly shaped IU1744 cells (Fig. 3B) . Thus, moderate PcsB underexpression led to different cell shapes and chain formation in the R6 and D39 backgrounds.
R6 and D39 contain numerous genetic differences, including a ⌬cps (capsule biosynthesis) mutation in R6 (33) . Therefore, we tested whether capsule (or its biosynthesis) contributed to the differences in shape and chain formation of D39 compared a Relative PcsB and MreC amounts were determined by quantitative Western blotting normalized to total protein amounts (see Fig. 2 and Materials and Methods). Amounts are relative to R6, D39, and D39 ⌬cps parent strains run on the same immunoblots. Cell-associated and secreted PcsB were added to give total amounts, and the fraction of secreted PcsB (see Results) did not change in R6 and D39 strains underexpressing PcsB (data not shown). All amounts represent at least three biological replicates, except for IU2608, IU2564, and IU2102, which were done twice. Standard errors of the means are indicated.
b The average number of cells per chain used in calculations was 3 or 2 for EL59 or IU1945, respectively, based on counting fields of several hundred cells by phase microscopy. The amounts of PcsB and MreC in IU1690 were comparable to those in strains EL59 and IU1945 when run on the same Western blots (data not shown). We quantitated PcsB amount per cell in IU1945 instead of IU1690, because IU1945 was predominantly diplococcal whereas IU1690 formed chains of various lengths ( Fig. 5 and data not shown (33), formed primarily diplococci or short chains of cells compared to D39 (Fig. 4A and D and 5, bars 4 and 9). This D39 ⌬cps mutant grew with the same lag and doubling time as the D39 parent strain (data not shown), in contrast to some other ⌬cps mutants, which were reported to show longer lags under different culture conditions than those used here (4). Unexpectedly, cells of this unencapsulated mutant were significantly less ovoid (AR, 1.32) than those of the D39 parent (AR, 1.69) (Fig. 5, bars 4 and 9) . This change in cell shape was confirmed by a second, independent unencapsulated mutant (IU3192 [Table 1 ]) (Fig. 5, bar 8 ) but was not observed in the nonisogenic R6 background (Fig.  5, bar 1) . Thus, encapsulated D39 formed longer chains of more ovoid-shaped cells than isogenic unencapsulated mutants. When PcsB was moderately underexpressed in the D39 ⌬cps mutant (IU2336 [Table 1 ]) to approximately the same level as in the encapsulated D39 IU1807 mutant (Table 2) , the cells became more spherical (AR, 1.14) and formed longer chains than cells of the D39 ⌬cps parent, IU1945 (Fig. 4E and 5 , bars 9 and 10). These shape and chain formation phenotypes were similar to those of the unencapsulated R6 mutants underexpressing PcsB to about the same levels as IU2336 (Table 2 ; Fig.  3 and 5) . Notably, the shape and chain formation properties of the D39 ⌬cps mutant moderately underexpressing PcsB (IU2336) (Fig. 4E and 5 , bar 10) were substantially different from those of the corresponding isogenic D39 cps ϩ strain (IU1807) (Fig. 4B and 5 , bars 5 and 6); so much so that the strains could be distinguished based on phase microscopy. As confirmation, we obtained the same cell shape and chain formation properties when PcsB was moderately underexpressed in an independently constructed D39 ⌬cps mutant (data not shown). Thus, the cell shape and chain formation of the D39 parent and pcsB mutants were influenced by the presence or biosynthesis of capsule, but in the absence of capsule, moderate PcsB underexpression caused similar morphology changes in the R6 and D39 backgrounds.
Finally, severe underexpression of PcsB to barely detectable levels in D39 strain IU2537 (⌬pcsBϽϾermAM ⌬bgaAЈ::P c -pcsB cells ( Fig. 4C and 5 , bar 7, and data not shown), similar to those of R6 strain IU1545 depleted for PcsB (Fig. 3D) . PcsB expression was likely lower in strains IU2091 and IU1545 lacking fucose than in IU2537, because IU2091 and IU1545 stopped growing, formed mainly diplococci or short chains of cells, and aggregated into clumps (data not shown), whereas, IU2537 did grow (see Fig. S1 in the supplemental material), still formed longer chains (Fig. 5,  bar 6 ), and did not aggregate (data not shown). These exaggerated phenotypes were again ascribable to PcsB underexpression and not decreased MreCD expression, because repair (knock-in) of the mreCD ϩ ⌬pcsBϽϾermAM allele in strain IU2537 (Fig. 4C ) with a ⌬mreCDϽϾSpec r pcsB ϩ allele restored wild-type D39 cell morphology (data not shown). Thus, severe underexpression or prolonged depletion of PcsB led to the formation of similar short chains of irregular, enlarged spherical cells in both the R6 and D39 backgrounds.
Capsule influences the chain formation and division of other PG biosynthesis mutants. We tested whether capsule affected the morphology of other cell shape and chain formation mutants of S. pneumoniae. An unencapsulated D39 ⌬cps ⌬dacA mutant, which lacked the D,D-carboxypeptidase that cleaves the ultimate D-Ala from stem peptides (28, 44, 59, 70) , formed a greater number of chains (Ϸ47%) containing more spherical cells (AR, 1.1) (Fig. 6B) than its largely diplococcal, semiovoid D39 ⌬cps parent (Fig. 4D and 5, bar 9) . These shape and chain formation phenotypes paralleled those of unencapsulated strains moderately underexpressing PcsB described above. D39 ⌬cps ⌬dacA mutant cells accumulated D-Ala-D-Ala in their PG, which caused pronounced uniform staining of entire cell surfaces with FL-Van (Fig. 6) . Most D39 ⌬cps ⌬dacA cells contained one equatorial ring, and DAPI staining indicated diffuse nucleoids occupying entire cells (Fig. 6B) . In addition, about 18% of the D39 ⌬cps ⌬dacA cells contained multiple or nonparallel equatorial rings (Fig. 6B) . In contrast, an encapsulated D39 ⌬dacA mutant (Fig. 6A) formed a much higher proportion of diplococci (40%) compared to its D39 parent, which mainly formed medium-length (11 Ϯ 1 cell) chains (Fig. 4A and 5, bar 4) . This behavior again paralleled moderate PcsB underexpression in the encapsulated strain (Fig. 5, bar 5) . However, D39 ⌬dacA cells were far more spherical (AR, 1.1) (Fig. 6A ) than ovoid D39 (AR, 1.69) (Fig.  4A) or IU1807 (AR, 1.47) (Fig. 4B) cells. There were also fewer (Ϸ4%) cells containing misplaced or multiple equatorial rings in the encapsulated compared to the unencapsulated ⌬dacA mutant (Fig. 6A and B) , although all ⌬dacA mutants tended to aggregate in culture.
We observed a similar effect of capsule on the chain formation pattern of a ⌬lytB mutant. lytB encodes a glucosaminidase that cleaves the murein glycan chain and participates in a late step in cell separation (14, 27) . lytB mutants were reported to form long chains of normally shaped cells in the R6 background (14) . Similar to R6, introduction of a ⌬lytB::P c -ermAM mutation into unencapsulated D39 ⌬cps (IU1945) caused cells to go from diplococci and short chains of four cells (Fig. 5, bar  9 ) to long chains (strain IU2988) (data not shown). In contrast, the D39 ⌬lytB::P c -ermAM mutant (IU2898) formed only moderately longer chains than its D39 parent (data not shown). Together, these results show that the absence of capsule allowed chain formation to occur for the pcsB, ⌬dacA, and ⌬lytB mutants, and capsule (or its biosynthesis) influenced the cell shape of pcsB and equatorial ring placement in ⌬dacA mutants (Fig. 3 to 6 ). Cell defects caused by PcsB underexpression are not correlated with changes in the composition of peptides in PG, which is significantly different in strains R6 and D39. Unpublished experiments indicated that the composition of PG peptides was unchanged in a ⌬pcsB mutant of S. agalactiae (55) . On the other hand, absence of the CHAP domain-containing Sle1 amidase changed the composition of the PG peptides in S. aureus (32) . Therefore, we determined whether PcsB underexpression or the absence of MreCD affected the composition of the PG peptides in this set of serotype 2-derived strains. Building on pioneering work of Tomasz and colleagues (25, 26, 60, 61, 63) , we purified PG from parent and isogenic mutant strains, hydrolyzed off lactoyl-peptides with base and resolved the lactoyl-peptide peaks by RP-HPLC (see Materials and Methods) (2) . Unlike previously validated procedures (26, 61, 63) , this method does not require the use of a purified amidase. Typical chromatograms for parent strains R6 and D39 appear in Fig. 7 , and validation of these methods in pneumococcus is described in Materials and Methods. Each peak was collected, and lactoyl-peptides were identified by mass spectrometry (see Materials and Methods and and the supplemental material). Consistent with previous reports (25, 60, 61) , there was a striking difference in the lactoyl-peptide compositions of laboratory strain R6 and virulent strain D39 ( Fig. 7 ; see also the supplemental material). The PG of R6 contained monomer stem peptides with Ala-Ser and Ala-Ala additions on Lys (e.g., M7) (Fig. 7) and a significant number of cross-linked dimer peptides with Ala-Ser and Ala-Ala cross-bridges (e.g., D9) (Fig. 7) . In contrast, D39 PG lacked monomer peptides containing Ala-Ala and Ala-Ser additions and mainly contained dimers lacking AlaSer and Ala-Ala cross-bridges (e.g., D1) (Fig. 7) . The MurMN ligases catalyze Ala-Ser and Ala-Ala addition (19, 24, 63) . We rechecked the sequences of murMN in both strains, and they were the same, as expected from a previous genome comparison (33) . Control experiments showed that the D39 ⌬cps mutant produced the same lactoyl-peptide chromatogram as parent strain D39, indicating that capsule was not the source of this difference between D39 and R6 (data not shown). The basis for this difference is considered in the Discussion.
The PG peptide profiles were determined for pcsB mutants underexpressing PcsB to various levels ( Table 2 ) and in R6 overexpressing PcsB from plasmid pLS1RGFP::P mal -pcsB ϩ ( Table 2 ). The relative amount of each lactoyl-peptide within a PG preparation did not change upon PcsB underexpression or moderate overexpression compared to that of the pcsB ϩ parent (data not shown). In addition, there was no correlation between the severity of cell morphology defects ( Fig. 3 and 4) and the relative composition of PG peptides in either the R6 or D39 backgrounds, even for cells depleted of PcsB for 5 h (data not shown). Moreover, no statistically significant changes were detected in the absolute amounts or recovery of individual lactoyl-peptides between the parent and pcsB-underexpressing strains harvested at similar cell densities (data not shown) (see Materials and Methods). Finally, the ⌬mreCD mutant did not affect the relative lactoyl-peptide composition or amounts in the R6 background (data not shown).
PcsB underexpression is not correlated with penicillin sensitivity. We reported previously that some strains underex- FIG. 7 . Lactoyl-peptide compositions of strains R6 (top) and D39 (bottom). PG was isolated from cells growing exponentially in BHI broth at 37°C, lactoyl-peptides were released by base hydrolysis, and RP-HPLC was performed as described in Materials and Methods. The total yields of all lactoyl-peptides were similar for the unencapsulated R6 and encapsulated D39 strains (2.9 ϫ 10 7 and 3.3 ϫ 10 7 arbitrary mvolt area units, respectively). The structures of the lactoyl-peptides in each peak were determined by MS, and representative structures of species containing (monomer M7 and dimer D9) or lacking (monomer M1 and dimer D1) Ala-Ser additions and cross-bridges are shown. Complete peak assignments and other lactoyl-peptide structures are provided in the supplemental material. Quantitation of the relative amounts of each lactoyl-peptide from the R6 and D39 chromatograms can be found in Table S2 of the supplemental material. Underexpression or severe depletion of PcsB or the absence of MreCD did not affect the relative amounts or composition of the lactoyl-peptides, and the same chromatogram was obtained for unencapsulated strain D39 ⌬cps as shown for its encapsulated parent D39 (see text). pressing PcsB appeared to be more sensitive to penicillin G, although penicillin sensitivity did not seem to be simply correlated with PcsB expression (45) . Recently, it was reported that ⌬pcsB mutants had increased sensitivity to penicillin G in some serotypes of S. pneumoniae (29) . Therefore, we repeated sensitivity tests in unencapsulated R6 strains expressing different amounts of PcsB in BHI broth. Strain IU1979, which expressed only Ϸ14% of the wild-type level of PcsB (Table 2 ) and showed cell division defects (Fig. 3C) , had the same sensitivity to 0.01 g and 0.1 g penicillin G per ml as parent strains R6 and IU1533 (Table 1 and data not shown). Therefore, penicillin sensitivity was not correlated with PcsB underexpression. Underexpression of PcsB induces expression of the VicRK regulon. We performed microarray experiments to determine how S. pneumoniae deals with the defective cell division caused by PcsB underexpression. Strains IU1979 (⌬pcsBϽϾermAM ⌬bgaAЈ::P c -pcsB ϩ ; Ϸ14% relative PcsB amount) and isogenic control strain IU1533 (pcsB ϩ ⌬bgaA'::P c -pcsB ϩ ; similar PcsB amount as R6 [data not shown]), were grown exponentially in BHI broth (see Fig. S2 in the supplemental material). RNA was extracted and microarray analyses were performed as described in Materials and Methods. The largest increases in relative transcript amounts were confined to other members of the VicRK regulon (43, 46, 47) , including spr0096, lytB (spr0867), and spr1875 (Table 3 ). The relative increase in lytB transcript amount was accompanied by a trend back to shorter chains (Fig. 5, bar 3) , consistent with the role of LytB as an acetylglucosaminidase (14) . Besides the VicRK regulon, changes in relative transcript amounts were surprisingly limited, given the extreme defect in cell shape and morphology (Fig. 3) . These other changes included some small increases in the relative transcript amounts of stress-mediating genes, such as clpL, groEL, and groES (Table 3) .
Notably, the relative amounts of the mreC and mreD transcripts did not change in the ⌬pcsBϽϾermAM mutant (IU1979) compared to the pcsB ϩ control (IU1533), consistent with the minimal changes detected in relative MreC amount (Table 2) . Finally, the relative amount of pcsB transcript detected in the microarray analysis did not appear lower in the strain underexpressing PcsB protein (IU1979) ( Table 2) . Additional characterization of these strains by QPCR showed that this apparent discrepancy was likely caused by changes in differential stability of the pcsB-bgaAЈ fusion transcript produced from the ectopic ⌬bgaAЈ::P c -pcsB ϩ site (Fig. 1B) . The amounts of the pcsB transcript corresponding to promoter-proximal (5Ј) regions of the fusion transcript were significantly lower than those from the corresponding segments of the native pcsB ϩ transcript (data not shown), which would reduce the relative amount of PcsB protein produced in the ectopic fusion strain. At the same time, the amount of the promoter-distal (3Ј) segment of the pcsB fusion transcript corresponding to the oligonucleotide probe on the microarray remained similar to that of the wild-type transcript.
DISCUSSION
Characterization of cell shape and chain formation phenotypes caused by PcsB underexpression initially suggested differences between laboratory strain R6 and virulent serotype 2 strain D39 (Fig. 3 and 4) . Moderate underexpression of PcsB in diplococcal R6 (Table 2 ) led to the formation of chains, and cells became more spherical than the ovoid R6 parent strain (Fig. 3A , B, and C; Fig. 5, bars 1 to 3) . In contrast, similar PcsB underexpression in D39 (Table 2 ) led to the appearance of diplococci and shorter chains and caused a far smaller decrease in AR than in R6 (Fig. 5, bars 4 and 5) . In addition, about 12% of the D39 pcsB mutant cells were large, spherical, and irregularly shaped (Fig. 4B and 5, bar 6 ). To determine whether this difference in response to moderate PcsB underexpression in R6 and D39 was due to the presence or biosynthesis of capsule, we compared the shape and chain formation of D39 with an isogenic D39 ⌬cps unencapsulated mutant. Cells of unencapsulated mutants of D39 formed diplococci instead of mediumlength chains and, unexpectedly, were less ovoid than the cells a IU1533 (R6 pcsB ϩ ⌬bgaAЈ::P c -pcsB ϩ ) was used as the parent strain instead of R6 to control for insertion into the bgaA locus required to construct PcsBunderexpressing strain IU1979 (⌬pcsBϽϾermAM ⌬bgaAЈ::P c -pcsB ϩ ). Representative growth curves from these experiments are shown in Fig. S2 of the supplemental material.
b Members of the VicRK regulon are shown in bold type. c Microarray analyses were performed as described in Materials and Methods. The data set includes four biological replicates, including two dye swaps, with final cutoff values of Ͻ1.8 for fold changes and P Ͻ 0.005. of the D39 parent strain (Fig. 4A and D and 5, bars 4, 8, and  9 ). Moderate underexpression of PcsB in the D39 ⌬cps mutant ( Table 2) caused formation of chains and more spherical cells compared to the D39 ⌬cps strain (Fig. 4D and E and 5, bars 9 and 10), similar in appearance to those seen in R6 (Fig. 3B and C and 5, bars 2 and 3). However, the shape and chain formation properties of the D39 ⌬cps mutant moderately underexpressing PcsB (Fig. 4E and 5, bar 10) were substantially different from those of the corresponding isogenic D39 cps ϩ strain ( Fig. 4B and 5, bars 5 and 6) . Finally, severe underexpression or depletion of PcsB (Table 2 ) led to the formation of short chains of highly distended, spherical cells with aberrantly placed division junctions in both the R6 and D39 backgrounds (Fig. 3D, 4C, and 5, bar 7) . Together, these results show that capsule caused the formation of chains in D39, and more surprisingly, influenced the cell shape and chain formation phenotypes of the wild-type D39 strain and pcsB mutants (see Results).
The masking and modulation of cell chain formation and division phenotypes by capsule extended to other mutants, such as ⌬dacA (Fig. 6 ) and ⌬lytB mutants (see Results). The pcsB and dacA mutant phenotypes paralleled each other in some ways (see Results). In serotype 2 S. pneumoniae, the capsule is covalently linked to PG (reviewed in references 49 and 69). Capsule negatively influences the spontaneous and antibiotic-induced autolysis of S. pneumoniae strains monitored by optical density (23), which we confirmed for D39 (data not shown). This autolysis is largely mediated by the LytA amidase (23) . The effects of capsule on cell shape presented here and on LytA-mediated autolysis could indicate that the capsular polysaccharide acts as a considerable physical barrier or guide in cell division. On the other hand, there might be metabolic communication between the capsule biosynthetic pathway and the cell division and PG biosynthetic machinery. In either case, capsule (or its biosynthesis) can affect the cell shape and chain formation phenotypes of pneumococcal mutant strains deficient in cell division or PG biosynthesis.
The experiments reported here also indicate that the cell defects observed in these mutants is due directly to PcsB underexpression and support the conclusion that pcsB is essential in serotype 2 strains. Seemingly benign mutations in the pcsB native locus, such as an exact reading frame replacement (⌬pcsBϽϾermAM in a merodiploid strain) (Fig. 1A) , led to slightly decreased expression of the upstream MreC protein, especially in D39 (Table 2) . Other mutant constructs, such as P c -pcsB ϩ and P fcsK -pcsB ϩ insertions in the pcsB locus (Fig.  1C) , also decreased the MreC amount slightly (Table 2) , possibly because these constructs contain an oppositely transcribed kan marker. Nevertheless, ectopic expression of just the pcsB ϩ gene from another chromosome location (bgaA) or from a plasmid fully complemented the cell shape and chain formation defects caused by PcsB underexpression (Fig. 3 and  4) . Furthermore, we were able to delete mreCD in serotype 2 S. pneumoniae, and these ⌬mreCD mutants did not interfere with downstream pcsB expression ( Table 2) or cause defects in cell morphology (data not shown). MreCD are conditionally essential in rod-shaped bacteria, such as E. coli, which readily accumulates suppressor mutations when mreCD are disrupted (reference 5 and references therein). Additional experiments to be reported elsewhere show that suppressors do not accumulate in these ⌬mreCD mutants of serotype 2 S. pneumoniae (A. D. Land, unpublished results).
Depletion of PcsB for 5 h in encapsulated or unencapsulated mutants resulted in severe cell division defects ( Fig. 3 and 4) , and these cultures never resumed growth. Moreover, we could not knock out pcsB at the native locus without ectopic expression of pcsB ϩ from elsewhere (see Results), and we did not obtain putative suppressors after 3 days of incubation. Together, these observations support the conclusion that pcsB is indeed essential in serotype 2 strains. Previously, knockout mutants of the pcsB ortholog, gbpB, were reported in some strains of S. mutans (11) , but another study that attempted several gene disruption approaches concluded that gbpB was essential in the S. mutans strain used (41) . Recently, it was reported that ⌬pcsB mutants could be isolated in serotype 4 and 6B strains; however, these mutants were isolated under selective pressure, and their growth was greatly diminished, even in rich medium (29) . Therefore, it is possible that suppressors accumulated in these ⌬pcsB mutants and that pcsB is also essential in these serotype strains. Consistent with this interpretation, we could obtain putative bypass suppressors in a D39 ⌬pcsB mutant at very low frequency after prolonged incubation for at least 6 days at 37°C (data not shown).
We also used the sets of strains expressing different amounts of PcsB to test other hypotheses about PcsB expression and function. Quantitative Western blotting showed that cell-associated PcsB is moderately abundant and present in Ϸ4,900 monomers per cell ( Fig. 2C ; Table 2 ). This amount is comparable to other cell division proteins, such as FtsZ and FtsA in S. pneumoniae (34) and MreC in B. subtilis (64) , which are present in approximately 3,000, 2,200, and 12,000 molecules per cell, respectively. Despite the relative abundance of cell-associated PcsB, at least an equal amount of PcsB is secreted into the growth medium ( Fig.  2A) . Since a relatively small drop of three-to fivefold in PcsB amount caused defects in cell division (Table 2 ; Fig. 3 and 4) , the normal amount of PcsB is not present in large excess. All cellassociated and secreted PcsB was processed in strains R6 and D39 ( Fig. 2A) , which contrasts with a previous report for this genetic background (42) . We do not know the reason for this discrepancy, but we confirmed our conclusion by three different approaches, including epitope tagging of PcsB ( Fig. 2A) . This result suggests that extracellular PcsB and cytoplasmic DivIVA probably do not interact directly (21) . We did not find a correlation between PcsB underexpression or the absence of MreCD and increased penicillin sensitivity in unencapsulated strains. However, we did confirm the previous observation (23) that capsule masks penicillin-induced autolysis for encapsulated strain D39 and its derivatives (data not shown). Finally, microarray results presented here indicate that PcsB underexpression and the defective cell division that ensues are likely sensed by the VicRK two-component system, which responds by increasing the relative transcript amounts of other regulon members (Table 3) . However, no other large changes in relative gene expression were detected that would provide information about possible signal pathways.
We did not find any change in the relative amounts or composition of the PG peptides in R6 or D39 strains underexpressing or severely depleted for PcsB or with mreCD deleted (Fig. 7) . However, our analyses did confirm the surprising result that the PG of R6 contained an extensive VOL. 191, 2009 PHENOTYPES OF PNEUMOCOCCAL pcsB MUTANTS 3037 number of Ala-Ala and Ala-Ser additions and cross-bridges in its peptide monomers, dimers, and trimers, whereas the PG of D39 largely lacked these additions ( Fig. 7 ; see also Table S2 and other data in the supplemental material). This difference was reported without comment for strains R6 compared to R36A and D39S in earlier work by Tomasz and coworkers (25, 60, 61 ) (see also Table S2 in the supplemental material). Laboratory strain R6 was derived from unencapsulated strain R36A, which itself was a second derivative of encapsulated strain D39 (33) . PG peptides from strain R36A largely lack Ala-Ala and Ala-Ser additions and crossbridges, like strain D39 (Fig. 7) (25, 60, 61, 63) . Therefore, synthesis of these additions must have been acquired during the derivation and storage of the current R6 isolate. Ala-Ala and Ala-Ser additions are synthesized by the MurMN tRNA-dependent ligases (19, 24, 39) , and loss of MurMN function has been correlated with loss of antibiotic resistance in some cases (reviewed in reference 63). However, the murMN genes are identical in the R6 and D39 strains, and capsule did not cause the different PG compositions of R6 and D39. There are about 80 mutational changes between the genome sequences of R6 and D39 (33) , but none appears to affect the amounts or charging of tRNA Ser and tRNA Ala , which are substrates for MurMN. Interestingly, some of the mutational differences are in genes that mediate PG metabolism, including pbp1A, murZ (a paralog of murA), ftsX, and dltA (33) . These mutations or others must account for the difference in PG composition between R6 and D39, pointing to an unknown facet of Ala-Ala and Ala-Ser formation in pneumococcal PG. Finally, unencapsulated R6 and D39 ⌬cps were equally sensitive to penicillin G (data not shown), despite their different PG compositions (Fig. 7) . This result supports the previous conclusion that the extent of Ala-Ala and Ala-Ser addition and cross-bridge formation is not strictly correlated with resistance to ␤-lactam antibiotics (63) .
The HPLC methods used to determine PG peptide composition (Fig. 7) were modified to assay for amidase and endopeptidase activity of purified preparations of PcsB, such as the PcsB-(C)-His 6 used as a standard in Fig. 2C (L.-T. Sham, unpublished result). To date, we have been unable to detect murein hydrolase activity in reaction mixtures similar to those used to assay Sle1 (32) for several PcsB constructs, which are monomers in solution (L.-T. Sham, unpublished result). Likewise, other attempts to detect murein hydrolase activity of purified PcsB and its homolog have not been successful (29, 41, 56, 67) . The lack of changes in PG peptide composition in cells severely depleted for PcsB whose morphology is strongly affected (Fig.  3, 4 , and 7) argues against PcsB acting as a major murein hydrolase or autolysin. It is still possible that PcsB might act as a weak murein hydrolase at specific times in cell division or on rare PG peptide species that are not detected in these assays. It is also possible that purified PcsB needs to interact with another protein for hydrolase activity. On the other hand, the new results presented here, including its relative abundance, and those reported previously (29, 41, 45, 56) are consistent with PcsB acting as a scaffolding protein. This important issue remains to be resolved.
